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Hedgehog and Spitz: Making Minireview
a Match between Photoreceptor
Axons and Their Targets
progressing from posterior to anterior within the disc.
Hence, posterior clusters are more developmentally ad-
vanced than their anterior neighbors. Each cluster of R
cells sends a single bundle of axons through the optic
stalk into the optic lobe. The wave of morphogenesis in
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the eye disc is thus translated into a wave of innervation.University of California, Los Angeles
Target neurons in the lamina are derived from a singleLos Angeles, California 90095
region of mitotic activity, the outer proliferation center
(OPC), which forms a curved band on the surface of the
developing brain (Figure 1). Neuroblasts in the OPC give
The Matching Problem
rise to lamina precursor cells (LPCs), which complete
How is sensory input linked to the information pro- two cell cycles before differentiating into lamina neu-
cessing structures in the central nervous system? Part rons. These cell divisions occur along the lamina furrow,
of the answer to this key question in neurobiology lies a fold in the surface of the brain. The furrow separates
in morphology: sensory systems display a characteristic LPCs in their first round of cell division, positioned ante-
convergence ratio between the number of sensory ax- riorly, from more posterior LPCs progressing through a
ons and their target neurons. While the number of these second division. Thus, LPC progeny appear to bud from
neurons could be independently determined, interac- the posterior edge of the OPC. LPC progeny then assem-
tions between them are central to achieving the final ble into lamina columns, the precursors to the adult
wiring pattern. In many systems, this coordination is lamina cartridge. New R cell fibers exit the optic stalk
mediated by retrograde signals from target cells that and extend into the region between the lamina furrow
regulate cell death and proliferation in the sensory neu- and the already assembled lamina columns. In this man-
rons. Conversely, signals that control the number of ner, as new fibers grow in, new lamina neurons are
target neurons can pass from afferent axons to down- generated; older fibers are associated with differentiat-
stream cells. For instance, proliferation in the optic tecta ing lamina neurons that were generated earlier. How
of fish and frogs is regulated by ingrowing retinal axons is the wave of axon ingrowth linked to the continuous
and, in the rat olfactory bulb, the cell cycle kinetics production of lamina neurons? As we discuss below,
of germinal cells are controlled by pioneering olfactory signals from R cell axons underlie the tight spatio-tem-
axons (e.g., Davis, 1990; Gong and Shipley, 1995). In poral coordination of these two processes.
this manner, the extent of sensory input is matched to LPC Development Depends on Retinal Innervation
the size of the downstream processing structures, the The intimate relationship between eye and optic lobe
target neurons. Recent studies in the Drosophila visual development was first observed by Power in 1943. Using
system have led to the identification of two well-known the mutations Bar and eyeless2 to reduce or eliminate
developmental cues, Hedgehog (HH) and the EGF-like the retina, he observed a direct correlation between the
ligand Spitz, as anterograde signals that regulate the prolif- size of the remaining eye and the size of the lamina: the
eration and differentiation of target cells (Huang and Kunes smaller the eye, the smaller the lamina. Genetic mosaic
1996, 1998; Huang et al., 1998 [this issue of Cell ]). analysis in the 1970s further demonstrated that target
Development of the Fly Visual System formation is dependent upon normal eye development
How does the fly match the number of photoreceptor (and not vice versa) (Meyerowitz and Kankel, 1978). Con-
cells to their target neurons? The compound eye in Dro- ceptually similar experiments using additional mutations
sophila contains an array of about 750 ommatidia. Each in Drosophila, as well as lesion experiments in Drosoph-
ommatidium contains eight photoreceptor neurons (R ila and in the crustacean Daphnia, suggested that both
cells, R1±R8) that project in a topographic fashion to proper development of R cells and correct innervation
their target area, the optic lobe. R1±R6 axons terminate by their axons are required for normal target develop-
in the first optic ganglion, the lamina; R7 and R8 axons ment (reviewed in Wolff et al., 1997).
project through the lamina to innervate distinct layers How do R cell axons perform this task? Detailed analy-
in the second optic ganglion, the medulla. Postsynaptic sis of the birth and differentiation of lamina neurons
cells in the lamina, L1±L5, are organized into modules demonstrated that R cell axons project in close proxim-
called cartridges; R7 and R8 axons connect to targets ity to those LPCs in the G1 phase of the cell cycle. In
in radially oriented modules called columns (reviewed mutant flies lacking axonal ingrowth, LPCs arrest in G1
in Meinertzhagen and Hanson, 1993). Intriguingly, the and fail to differentiate into neurons (Selleck and Steller,
number of ommatidia matches the number of lamina 1991; Selleck et al., 1992). Hence, R cell axons induce
cartridges and medulla columns. LPCs to enter S phase and to complete a final division.
Matching of afferents to targets is created by a spa- Hedgehog Acts Directly on LPCs
tially and temporally coordinated pattern of develop- to Stimulate Proliferation
ment in the eye and in the target. The adult eye derives Two clues hinted that HH might be the inducing factor
from the eye imaginal disc, a columnar epithelium that responsible for mitogenesis of LPCs. First, because of
begins to differentiate during the third and final stage its effects on lamina development, an allele of hh was
of larval development. R cells are specified and assem- identified in a genetic screen for mutations affecting
guidance of R cell axons. Second, Patched, a regulatoryble into ommatidial clusters in a wave of morphogenesis
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Figure 1. Schematic Outline of Optic Lobe Development
Developmental stages are diagrammed in series from left (OPC) to right. R cells differentiate within the eye disc, behind the morphogenetic
furrow (MF), and project axons (indicated in green) into the brain. Posterior R cells project axons into the brain before their anterior neighbors.
The youngest R cell axons arrive at the edge of the outer proliferation center (OPC), near the lamina furrow (LF), and stimulate lamina precursor
cells (LPCs) in G1 to enter S phase and complete a final round of cell division. This response is induced by HH released from R cell axons
(blue arrows). Expression of HH effector genes is symbolized by the blue color; one of these, Dachshund (DAC), is used as a marker of LPC
progeny. LPC progeny that are now responsive to Spi, a member of the EGF family, are shown with open red circles. Spi, produced by R cell
axons (red arrows), induces LPC progeny to express ELAV, a nuclear marker for neuronal differentiation (indicated in pink). These cells form
vertical rows, designated lamina columns, each of which contains five lamina neurons (L1±L5).
target of HH, is made by lamina glial cells that are closely axons), Huang and Kunes (1996) demonstrated that HH
activity is also sufficient to induce expression of molecu-associated with R cell axons. Although HH is not ex-
pressed by cells in the lamina at the appropriate stage lar markers specific to LPC progeny. In this manner, HH
activity scales, at least approximately, the number ofof development to influence LPCs, strong expression is
detected on the retinal axons. prospective target neurons to the amount of retinal in-
nervation.How does one prove that HH protein made in the
retina and transported into the optic lobe by R cell axons Does HH act directly on LPCs to regulate their prolifer-
ation or does it act indirectly, via a secondary signalis both necessary and sufficient to promote LPC prolifer-
ation? Addressing this question is complicated by the produced in other cells? Mosaic analysis demonstrates
that multiple components of the HH signaling pathwayrequirement for HH to induce R cell development in the
retina. Hence, it was necessary to design experiments are required cell autonomously in LPCs (Huang and
Kunes, 1998; see Hammerschmidt et al., 1997 for a gen-in which effects of HH in the optic lobe could be sepa-
rated from its role in the eye. Three results established eral review of HH signaling). LPCs homozygous for mu-
tations in negative regulators of HH signaling, in particu-that HH is necessary for induction. First, using a temper-
ature-sensitive allele of hh, it was possible to temporally lar protein kinase A or the putative HH receptor Patched,
undergo differentiation in the absence of retinal innerva-separate HH's role in lamina induction from its role in
retinal pattern formation. Second, whereas posterior R tion. By contrast, LPCs homozygous for mutations in
the positive HH effector Smoothened, a seven-passcells form and extend axons in an eye-specific allele of
hh, they fail to induce lamina proliferation. Third, in mo- transmembrane protein, fail to enter S phase and ma-
ture, despite the presence of R cell axons and the HHsaic animals lacking HH function in both the brain and
all but a few R cell axons, LPC proliferation only occurs signal. Finally, both loss- and gain-of-function analysis
of the putative transcription factor Cubitus interruptus,in close proximity to the HH-positive axons. Moreover,
using flip-out technology to ectopically induce HH ex- a known downstream effector of HH, demonstrated that
transcriptional effects of HH signaling regulate LPC cellpression in the brains of eyeless flies (lacking R cell
Minireview
589
cycle progression. Together, these experiments demon- R cell afferents: HH drives LPC proliferation and SPI
induces lamina neuron differentiation.strate that HH produced by R cell axons directly regu-
lates LPC proliferation. A Common Program Regulates Development
of the Eye and Target FieldsSpitz Acts after Hedgehog Signaling to Induce
Neuronal Differentiation While axon-localized SPI and HH regulate lamina neuro-
genesis, expression of these proteins in the R cell bodyUnlike retinal innervation, HH activity alone is not suffi-
cient to induce the later stages of lamina neuron differ- regulates patterning in the eye disc. Indeed, the func-
tions of SPI and HH in controlling target developmententiation. This was dramatically shown in mosaic ani-
mals with only a few R cell axons in which HH was are highly reminiscent of their roles in promoting pat-
terning of the eye field. At an early stage of eye develop-ectopically provided to the entire target. While Dachs-
hund (DAC), a marker for LPC progeny, was expressed ment, a small group of R cells in the posterior region of
the eye disc produces HH that induces cells immediatelythroughout the lamina, ELAV, a marker for neuronal dif-
ferentiation, was only expressed in close association anterior to them to enter an eye-specific developmental
program. These cells undergo a synchronous division,with R cell axons. Therefore, at least one additional
cue must be provided by R cell afferents to promote form new clusters, begin to differentiate, and synthesize
HH. HH, in turn, induces their anterior neighbors to enterdifferentiation of their future targets. Huang et al. (1998)
now present evidence that this factor is the epidermal the eye development pathway. This reiterative process
propagates ommatidial cluster formation across thegrowth factor (EGF) family member, Spitz (SPI).
The demonstration that SPI is the relevant inducing disc. Furthermore, the EGF receptor and its ligand SPI
are required for R cell fate determination. Freemanfactor is both formally and methodologically similar to
the evidence that makes the case for HH. First, EGF (1997) has argued that the complex spatial and temporal
pattern of SPI activity plays a key role in controlling thereceptor (EGFR) expression in LPC progeny is induced
by HH signaling and is followed by transcriptional activa- specific fates assumed by different ommatidial cells.
Thus, the sequential action of HH and SPI in R celltion of a known target of EGF-mediated signaling, argos.
Expression of EGFR in these cells is functionally signifi- bodies, and subsequently in their axonal processes, or-
chestrates assembly of the interconnected arrays of af-cant: expression of a dominant negative form of the
EGFR in LPC progeny blocked ELAV expression in these ferent neurons and their targets in the fly visual system.
The Matching Problem: Beyond Numbers?cells and ectopic activation of the EGFR in the lamina
caused premature differentiation of excess neurons. Three additional levels of complexity in lamina structure
suggest that matching the numbers of R cell axons toThat SPI corresponds to the relevant ligand was demon-
strated using mosaic animals and SPI rescue con- lamina neurons is only the first of a series of interactions
between afferent axons and lamina cells. First, laminastructs. Like HH, SPI is required for eye development;
loss of SPI activity blocks differentiation of all R cells neurons adopt one of five different fates. Different lam-
ina neurons are arranged in a characteristic spatial pat-except R8. In mosaic animals in which eye tissue is
made homozygous for a spi null allele, the early stages tern with respect to the R cell axons (reviewed in
Meinertzhagen and Hanson, 1993). Second, the opticof LPC differentiation are induced (as judged by DAC
expression), but no ELAV-positive cells are observed. lobe contains multiple types of glial cells whose devel-
opment must be coordinated with differentiation of theDefinitive interpretation of this result is problematic,
however, since mosaic clones contain only R8 cells. lamina neurons. Finally, a precise pattern of synaptic
contacts must be elaborated between R cell axons andTo circumvent this problem, spi reduction-of-function
animals were generated by expressing low levels of SPI their target neurons.
How are individual lamina neuron fates determined?under the control of a heat-shock inducible promoter in
a spi mutant background. In this genetic background, One possibility is that SPI and HH are the only signals
produced by retinal axons that are required to establishit was possible to bypass the early requirements for SPI
function during R cell specification while lowering the the normal complement of neuronal fates. In this view,
perhaps differences in the spatial or temporal patternslevel of SPI activity in R cell axons. These animals dis-
played highly penetrant defects in ELAV expression in of SPI and HH release followed by lateral interactions
between lamina neurons and the adjacent glia createLPC progeny. To confirm that SPI activity is required in
R cells, this block in lamina differentiation was rescued differences between presumptive lamina neurons. By
analogy with the mechanisms required for R cell fateby expression of a second spi construct specifically in
postmitotic photoreceptor neurons. Finally, ectopic SPI determination in the eye (Freeman, 1997), dynamic ex-
pression of EGFR and Argos could establish regulatoryexpression in otherwise wild-type animals is sufficient
to generate an excess of lamina neurons, as determined loops controlling lamina patterning. Alternatively, addi-
tional signals might be released by retinal axons, eitherboth by increased numbers of ELAV-positive cells and
by increased expression of a brain-specific homeobox from all R1±R6 axons or from specific R cell subsets,
to specify different lamina neuron fates. In this view,protein, a marker for one particular type of lamina neu-
ron. Interestingly, normal apoptosis in a subset of LPC spatial patterning might be generated through a series
of stereotyped contacts between R cell growth conesprogeny is blocked by ectopic expression of SPI, sug-
gesting that limiting levels of SPI might play a role in and developing lamina neurons. Resolution of these
possibilities will require additional molecular markersestablishing the correct number of lamina neurons.
In summary, induction of lamina neuron development specific to each lamina neuron fate and the identification
of additional genes regulating this process.is a two-step process controlled by signals released by
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of Drosophila melanogaster, M. Bate and A. Martinez Arias, eds.Lamina glia depend on retinal innervation to migrate
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press).and differentiate (Perez and Steller, 1996). R1±R6 growth
Meyerowitz, E.M., and Kankel, D.R. (1978). Dev. Biol. 62, 112±142cones terminate between two specific layers of glial
Perez, S.E., and Steller, H. (1996). J. Neurobiol. 30, 359±373.cells in the lamina, the epithelial and marginal glia. These
Power, M.E. (1943). J. Exp. Zool. 94, 33±71.glial cells migrate to their specific positions from two
Selleck, S.B., and Steller, H. (1991). Neuron 6, 83±99.precursor zones located at the dorsal and ventral edges
Selleck, S.B., Gonzales, C., Glover, D.M., and White, K. (1992). Na-of the lamina. Since lamina glial cell development is
ture 355, 253±255.independent of both HH and EGFR (Huang and Kunes,
von Bartheld, C.S., Byers, M.R., Williams, R., and Bothwell, M. (1996).1998), R cell axons probably provide a third signal to
Nature 379, 830±833.the target area to induce glial cell maturation.
Wolff, T., Martin, K.A., Rubin, G.M., and Zipursky, S.L. (1997). Molec-Dialog between R cell axons and their targets also
ular and Cellular Approaches to Neural Development, W.M. Cowan,occurs in the context of establishing the correct pattern
T.M. Jessell, and S.L. Zipursky, eds. (New York: Oxford University
of neuronal connections. While R cell axons provide Press), pp. 474±508.
signals during larval development that pattern the target,
the target region produces guidance cues to ingrowing
R cell axons. These cues ensure that R cell axons termi-
nate in the correct layer of the optic lobe and are ar-
ranged in a topographically appropriate manner. At the
onset of pupal development, R1±R6 growth cones leave
their original lamina column and project in a precise
pattern to neighboring columns such that R cells that
ªlook at the same point in spaceº select the same target
neurons. This process creates the adult cartridge and
requires at least one additional signal, lamina-derived
nitric oxide (Gibbs and Truman, 1998). This signal allows
R cell axons to remain within the lamina and correctly
identify their targets. Once this reorganization is com-
plete, R cell axons and lamina neurons initiate a com-
plex, characteristic pattern of synaptogenesis. Work in
other systems suggests that such patterns are coordi-
nated by bidirectional signaling between pre- and post-
synaptic cells.
Recent work on NT-3 and brain-derived neurotrophic
factor suggests that anterograde transport of develop-
mental signals regulating target development may be
widespread (e.g., von Bartheld et al., 1996). Moreover,
mammalian HH and EGF homologs are expressed in the
developing retina (e.g., Lillien and Cepko, 1992; Jensen
and Wallace, 1997), raising the possibility that the mech-
anisms that coordinate retinal innervation with target
development in Drosophila might also apply to the mam-
malian visual system. However, while matching the num-
bers of afferent axons to target cells is an important
first step in constructing a functional nervous system,
solving the matching problem at the levels of specificity
seen in the mature synaptic circuitry remains one of the
central challenges in developmental neurobiology.
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